Abstract
while 2-AG tended to decrease. Excellent stability at room/ ambient temperature was found for both derivatized compounds over 45 h. Furthermore, 3 freeze-thaw cycles revealed a complex pattern: endogenous AEA was stable in plasma but slightly increased in spiked samples (+12.8%), while endogenous 2-AG concentrations increased by 51% and declined by 24% in spiked samples. A long-term study over 4 weeks at -80 ° C showed that low endogenous AEA and spiked 2-AG concentrations were stable. However, spiked AEA tended to increase (+19%) and endogenous 2-AG significantly increased by 50% after 2 weeks. Food intake 2 h before blood collection showed no effect on AEA concentrations, whereas 2-AG increased significantly by a factor of 3. Conclusions: Overall, limited in vitro and/or in vivo/ex vivo chemical stability of endocannabinoids has to be taken into account.
Introduction
Although the medical and recreational use of Cannabis sativa L. has a very long history, the underlying molecular mechanisms responsible for the effects of cannabinoids were only revealed in recent times [1] . First indications of the existence of a specific cannabinoid receptor involving a functional G i protein were obtained in 1984 with the work of Howlett [2] and Howlett and Fleming [3] , who found a stereospecific inhibition of adenylate cyclase by psychoactive cannabinoids such as delta-8-and delta-9-tetrahydrocannabinol (THC) in a model neuronal system. A milestone in cannabinoid research was reached in 1988 with the characterization of a specific cannabinoid receptor in the rat brain by Devane et al. [4] . These findings were confirmed in the rat and human brain and additional tissues by other groups, and the G-protein-coupled receptor was subsequently identified, named cannabinoid receptor 1 (CB1) [5] [6] [7] . In the same time period, a second G-protein-coupled cannabinoid receptor 2 (CB2) was identified and characterized from cells of the peripheral immune system [8] [9] [10] . Although the primary location of CB1 is the brain and neuronal tissue and CB2 is predominantly found in peripheral immunocytes, both receptors are also expressed in other tissues, and CB2 is present aside CB1 in the mammalian brain [11] [12] [13] . The wide distribution of the cannabinoid receptors contributes to the complex pharmacology of their ligands. The discovery of cannabinoid receptors provoked the search for endogenous ligands. N-arachidonoyl ethanolamide, named anandamide (AEA), was the first endogenous agonist described in 1992 by Devane et al. [14] . In 1995, a second endogenous cannabinoid receptor agonist was identified as 2-arachidonoyl glycerol (2-AG) [15, 16] . Luchicchi and Pistis [17] have described the pharmacological properties, functional features, and emerging specificities of these two major endocannabinoids (ECs). Other ECs derived from polyunsaturated fatty acids were characterized subsequently [18] . Since then, research interest in the endocannabinoid system (ECS) has grown extensively and innumerous attempts have been undertaken to elucidate the complex physiological and pathophysiological role and interrelations of this system. The more insight was gathered the more evident it became that the understanding of the complexity of this system is very limited so far. Nevertheless, it is nowadays widely recognized that the ECS plays an important role in the fine-tuning of the homeostasis of many physiological key mechanisms, such as vascular, reproductory, metabolic, and immune functions. For comprehensive reviews summarizing the complexity and physiological relevance of the ECS see Di Marzo and De Petrocellis [19] and Atakan [20] . Great interest has been directed towards the pathophysiological role of the ECS in disease development and progression. This would allow evaluation of the therapeutic potential of exogenous ligands by modulation of the ECS and their use in diseases, such as cardiovascular, neurodegenerative, metabolic, and inflammatory disorders, nausea, migraine, irritable bowel diseases, pain perception, and obesity among others [21, 22] .
After the discovery of ECs highly sensitive analytical tools were needed to reliably and quantitatively determine these compounds in animal and human plasma or tissue samples. For a comprehensive review of the analytical methods for the determination of ECs see Zoerner et al. [23] . Most of these methods are based on liquid chromatography-mass spectrometry (LC/MS) combined with solid-phase extraction or liquid-liquid extraction [24] [25] [26] [27] [28] [29] [30] . Alternatively, gas chromatographymass spectrometry (GC/MS) in combination with liquid-liquid extraction or solid-phase extraction has been used for the quantitation of ECs from a variety of sample matrices including plasma. Various derivatization procedures have been described to increase the volatility and chemical stability of the ECs [31] [32] [33] [34] [35] . In addition, increasing evidence has been gathered over time demonstrating that the sample preparation and analysis of ECs are sensitive to a variety of artifacts. Artifacts were found to be introduced during solid-phase extraction or liquid-liquid extraction [36] . Temperature-dependent chemical instability of ECs during sample processing and storage has been reported, including rapid isomerization of 2-AG to 1-AG depending on the pH and solvents of the medium [23, 30, 37, 38] . Furthermore, AEA was found to be rapidly released from blood cells ex vivo in a temperature-and time-dependent manner, emphasizing the need of strict protocols for sample collection (e.g., venipuncture) and handling [37, 38] . Numerous factors influence the levels of ECs and strategies should be addressed to minimize artifacts during sample collection, preparation, and analysis [23] . Other factors which have an important impact on EC concentrations in blood are race, female hormonal status during the menstrual cycle, physical exercise, and moderate alcohol intake shortly before the phlebotomy [39] [40] [41] [42] . The impact of food intake or hedonic eating on EC blood concentrations has also been studied as well as the interrelation with obesity and energy expenditure. However, the results remain controversial [42] [43] [44] [45] .
In this study we report the development of a fully validated, highly sensitive, and relatively simple method for the simultaneous quantitation of AEA, 2-AG, and 1-AG in human plasma based on GC/MS with positive chemical ionization after liquid-liquid extraction and derivatization by silylation. Special focus is directed towards the stability of ECs and the precautions required during sample preparation in order to avoid analytical artifacts. Furthermore, preanalytical considerations including the impact of food intake and the precautions required for the collection and processing of blood samples are addressed and recommendations provided for a preanalytical and analytical standard operating procedure (SOP).
Materials and Methods
For chemicals, plasma sample collection, preparation and extraction, GC/MS procedures, method validation, and stability tests, see online supplementary material (for all online suppl. material, see www.karger.com/doi/10.1159/000489032).
Results and Discussion

GC/MS Assay
The GC/MS method was validated according to Peters et al. [46] . The assay was shown to be robust, linear, selective, reproducible, accurate, and sensitive. The chromatograms obtained in selected ion monitoring mode with the plasma of a healthy volunteer (Fig. 1a) and pooled plasma spiked with AEA and 2-AG at 3 ng/mL (Fig. 1b) are each shown with the quantifier ion m/z 420.2 for AEA and m/z 433.2 for 2-AG and 1-AG. The concentrations of AEA and AG in the plasma of this healthy volunteer were 0.69 and 1.98 ng/mL, respectively. The total EC concentrations, hereafter defined as endogenous ECs plus spiked ECs, of the sample depicted in Figure 1b were 3.57 ng/mL for AEA and 3.52 ng/mL for AG. From 10.5 to 11.3 min the electron multiplier voltage was increased by +1,200 V, which is responsible for the sudden rise and decline of the baseline. Separation was achieved within 11.2 min with the retention times for AEA, 2-AG, and 1-AG being 10.62, 10.74, and 11.03 min, respectively. Peak identification was accomplished by comparison of the retention times and mass spectra with those obtained with analytical standards. The calibration curve determined in pooled plasma spiked with AEA and AG was found to be linear in the range of 0.35-5.0 and 1.0-10.0 ng/mL, respectively, with coefficients of determination (r 2 ) of 0.9990 and 0.9996 for AEA and AG. For the assessment of the assay performance parameters, such as limit of detection (LOD), lower limit of quantitation (LLOQ), intra-and interday precision, and accuracy, pooled plasma containing low endogenous EC concentrations (AEA: 0.48 ng/ mL; AG: 1.19 ng/mL) was used and spiked with defined concentrations of AEA and AG. The LLOQ of AEA and AG was 0.35 and 1.0 ng/mL, respectively, whereas the LOD was 0.3 and 0.5 ng/mL. The results of the intra-and interday precision and accuracy measurements of AEA, AG, and total ECs are summarized in Table 1 . The applied acceptance criteria for precision of 15% relative standard deviation (RSD; 20% RSD is close to the LLOQ) and accuracy with the bias within ±15% of the target value (±20% is close to the LLOQ) are widely accepted in bioanalysis [44] . With RSD ≤11.0% the intraday precision of the spiked concentrations was found to be good for AEA and AG at all concentration levels. The RSD of the intraday precision of the spiked EC concentrations was in general higher than that of the total EC concentrations. This can be explained by the fact that for the determination of Values are mean ± SD as ng/mL (relative SD, %) for precision, and bias % for accuracy (deviation from the spiked concentration). AEA, anandamide; AG, arachidonoyl glycerol; na, not applicable as no standards were added.
a Evaluation of the data after subtraction of peak area ratios obtained with blank samples (mean of 3 blank samples subtracted).
b Total EC concentrations measured. the spiked EC concentrations the endogenous EC concentrations have to be subtracted from the total EC concentrations, which introduces an additional error. The intraday accuracy of the spiked EC concentrations also fulfilled the strict acceptance criteria at all concentration levels. The inter-versus intraday precision and accuracy results were found to be less good, however, with one exception (AEA at 0.7 ng/mL) still within the set acceptance criteria. Again, precision data obtained for the total EC concentrations were slightly better than those of the spiked concentrations. With RSD of 14.1 (AEA) and 10.6% (AG), a good interday precision was also found in the case of pooled non-spiked plasma. As no plasma without endogenous ECs was available the extraction recovery was assessed with internal standards, i.e., deuterated AEA and 2-AG in pooled blank plasma. Extraction recovery was found to be 72.2% for AEA, higher than the recovery of AG, which was 42.7%.
Stability of AEA and AG in Whole Blood
The mean concentrations (+SD) of AEA and AG obtained from blood samples of 3 healthy individuals are shown in Figure 2 . Three blood samples were collected from each of the subjects and put on ice for 15, 75, and 195 min (sampling time points 1, 2, and 3, respectively) before centrifugation and collection of the plasma. AEA was found to be sensitive to the time lag between the collection of whole blood and the separation of the plasma from the blood cells. The plasma concentrations of AEA were positively correlated with the time the whole blood samples were kept on ice before centrifugation (r 2 = 0.983) and significantly increased with storage time (p < 0.05). Mean values (SD; RSD) obtained at 15, 75, and 195 min were 0.41 (0.008; 1.9%), 0.65 (0.07; 10.6%), and 0.95 (0.17; 17.4%) ng/mL, respectively. Thus, AEA concentrations increased by a factor of 2.3 within 3 h. RSD was very small for the first time point (1.9% at 15 min), increased over time, and was highest at the last time point (17.4% at 195 min). These findings are in agreement with earlier reports [38, 47] where a time-dependent increase of AEA concentrations was observed in whole blood kept at 4 ° C or higher temperatures. Contradicting stability data showed AEA to be stable in whole blood at room temperature for 2 h [48] . The remarkable increase of AEA plasma concentrations and the consecutive increase of the RSD are most probably explained by the continuous release of AEA from blood cells. This release cannot be prevented by placing blood samples on ice. These data emphasize the need for adherence to a strict SOP to ensure the immediate centrifugation of whole blood samples in order to avoid artifacts. On the other hand, AG appeared not to be affected by prolonged storage of whole blood on ice over the investigated time period. Mean concentrations (SD, RSD) obtained for the 3 time points were 1.39 (0.09; 6.3%), 1.48 (0.33; 22.4%), and 1.33 (0.25; 18.5%) ng/mL, respectively. RSD was lowest at the first time point (6.3% at 15 min) and increased to 18.5-22.4% at the other time points, indicating a slight increase of variability over time. Again, these data support the findings from other studies showing that 2-AG and other monoglycerides are, in contrast to AEA and other ethanolamides, stable in whole blood for 8 h [38] .
Benchtop Stability
Benchtop stability was assessed with pooled plasma fortified with 3 ng/mL of AEA and 2-AG. Figure 3a depicts the mean values + SD (n = 3) of total EC concentrations obtained for AEA and AG. Three spiked plasma samples were processed according to the SOP after incubation of 30 min on ice and stored on ice for 4 h before extraction and derivatization. AEA appeared to be unaffected with total EC concentrations (SD; RSD) at 30 min and 4 h being 3.14 ng/mL (0.14; 4.4%) and 3.32 ng/mL (0.04; 1.3%), respectively. These results support earlier findings showing benchtop stability of AEA over 4 h [48] .
However, AG was not measured in this study. A trend to lower concentrations during the storage of plasma samples on ice for 4 h was observed with AG, but without reaching statistical significance. Mean values (SD; RSD) at 30 min and 4 h were 2.99 ng/mL (0.41; 13.7%) and 2.46 ng/mL (0.34; 13.9%), respectively. The slight decrease could be attributed to the catalytic activity of plasma enzymes such as monoacylglycerol lipase.
Autosampler Stability
Autosampler stability is presented in Figure 3 . Pooled plasma was spiked with AEA and 2-AG at 3 ng/mL (n = 3) and measured immediately after derivatization. The samples were kept at room temperature on the autosampler and remeasured after 45 h to assess autosampler stability. Mean total concentrations (SD; RSD) for AEA were 3.46 ng/mL (0.08; 2.2%) and 3.39 ng/mL (0.17; 4.9%) measured immediately and 45 h after derivatization, respectively. Corresponding concentrations for AG were 2.99 ng/mL (0.31; 10.2%) and 2.98 ng/mL (0.02; 0.5%), obtained for the first and second measurement, respectively. No changes within the investigated time period of 45 h were observed for both ECs, proving the chemical stability of the silylated derivatives after derivatization with BSTFA. This is of particular importance for the analysis of large sample sets.
Freeze-Thaw Stability
The results obtained for the freeze-thaw stability are summarized in Figure 4 and Table 2 . Two concentration levels were investigated in pooled plasma for both ECs, namely the blank plasma containing low endogenous ECs (Fig. 4a) and the same plasma spiked with both ECs at 3 ng/mL (Fig. 4b) . Three samples were extracted for each level before freezing (cycle 0) and after each of the 3 cycles. Depicted in Figure 4 are mean total EC concentrations + SD of AEA. For statistical analyses the concentra- Values are mean ± SD as ng/mL (relative SD, %). AEA, anandamide; AG, arachidonoyl glycerol. tions determined after each cycle were compared with those obtained for the fresh samples (cycle 0). For details refer to Table 2 . Endogenous AEA concentrations did not change over 3 freeze-thaw cycles compared to the fresh samples. However, total AEA concentrations slightly increased for the spiked samples and reached statistical significance for the second cycle (+12.8%; p = 0.014). The same relative increase was reported for AEA by others [48] . A more complex situation was observed for AG. Here, endogenous levels ( Fig. 4a) increased significantly compared to the fresh samples (p = 0.023 and p = 0.043 for cycles 1 and 3, respectively). The largest, but not significant, increase was observed for the second cycle (+51%; p = 0.08). In contrast, total AG concentrations of spiked plasma samples (Fig. 4b) showed a tendency to decrease for the second and third cycles, but without reaching statistical significance. Lowest concentrations were found for the last cycle (-24%; p = 0.25). This could be explained by hydrolysis of AG to arachidonic acid and glycerol. These findings are in contrast to an earlier study claiming ethanolamine and glycerol derivatives to be stable over 3 freeze-thaw cycles [38] . The results reported here indicate the susceptibility of AEA and AG to artifacts produced by repeated thawing and freezing. The differences found in the concentration-time relationship of both ECs between non-spiked and spiked plasma may be attributed to the fact that endogenous ECs are partly bound to proteins, which is not the case for the spiked ECs.
Long-Term Stability
Long-term stability was assessed for AEA and AG after 2 and 4 weeks of storage at -80 ° C compared to fresh samples (0 weeks). Mean values + SD of 3 samples for each concentration and time point are depicted in Figure 5 . For details refer to Table 3 . Endogenous AEA was not affected by storage at -80 ° C over 4 weeks (Fig. 5a ). On the other hand, a slight but statistically not significant increase of total AEA was observed over time in spiked plasma samples (+19% at 4 weeks; p = 0.25; Fig. 5b ). Endogenous AG levels (Fig. 5a ) significantly increased by 50% Values are mean ± SD as ng/mL (relative SD, %). AEA, anandamide; AG, arachidonoyl glycerol. from 1.21 to 1.81 ng/mL (p = 0.014) after 2 weeks and slightly decreased thereafter over the next 2 weeks. In contrast, higher AG concentrations in spiked plasma samples appeared not to be susceptible to sample storage as no changes were observed (Fig. 5b) . The literature is still controversial concerning the stability of AEA in frozen plasma. The data reported here support other experiments [30, 34, 48] showing AEA to be fairly stable in frozen plasma, but are in contrast to those of Schreiber et al. [49] , showing a significant decrease of AEA concentrations in human plasma within 8 weeks at -80 ° C. Only limited data are available in the literature for AG assuming sufficient stability in plasma at -70 ° C for non-spiked samples [30] . Figure 6 depicts the influence of recent food intake on plasma concentrations of AEA and AG. No differences were observed for AEA between the fasting and the postprandial status with mean values (SD; RSD) being 0.43 (0.064; 14.6%) and 0.42 (0.073; 17.3%) ng/mL, respectively. In contrast, AG increased markedly by a factor of 3 after the intake of a full meal. Corresponding mean values (SD; RSD) before and after lunch were 0.82 (0.247; 30.2%) and 2.43 (1.02; 42.1%) ng/mL, respectively (p = 0.026). A considerably higher interindividual variability was found for AG at both conditions compared to AEA, represented by a high RSD of 30.2 and 42.1% for the fasting and postprandial state, respectively. The variability even increased after the ingestion of food, underlying the susceptibility of AG to food consumption. These results clearly show the prominent influence of preanalytical conditions on the plasma concentrations of AG and emphasize the need to follow a strict SOP. It is well known that ECs play a key role in the complex regulation of food intake and energy balance [50] . An increase of plasma concentrations of 2-AG after hedonic eating compared to non-hedonic eating in sated subjects has been described [44] . The findings in the present study are in contrast to another study which did not observe any changes in the plasma concentrations of AG measured 1 h before and 1 h after food intake [43] . AEA plasma levels were similar 1 h before and 1 h after eating a standardized meal but showed a peak immediately before food intake started. These complex time-dependent changes in EC plasma concentrations as well as the influence of energy status and body weight may be responsible for the controversial results found in the literature.
Influence of Food Intake
Conclusions
Since the discovery of the cannabinoid receptors and their endogenous ligands the elucidation of the physiological and pathophysiological role of the ECS and its potential in the treatment of various symptoms in a large number of diseases has attracted the highest research interest. Accordingly, the development of highly sensitive and selective analytical methods to reliably quantitate the low concentrations of the two major ECs, AEA and 2-AG, in plasma and tissue samples was necessary. It was recognized that the determination of ECs is influenced by various difficulties and pitfalls. Limited chemical stability of 2-AG with the pH-and solvent-dependent acyl migration forming 1-AG equally contributes to the production of analytical artifacts. The biological instability of ECs is, for example, due to the catalytic activity of enzymes present in plasma and the release of AEA from blood cells. Also important are the preanalytical factors, such as the time point of blood collection in relation to the intake of food and the handling and processing of blood samples. These critical analytical and preanalytical issues emphasize the need for careful method development and validation.
In this study we aimed to develop and validate a relatively simple analytical method for the simultaneous quantitation of AEA and AG in human plasma with GC/ MS as an alternative to the nowadays more common LC/ MS. Particular attention was paid to establish a standardized collection protocol (SOP) which respects preanalytical issues and allows avoiding the formation of artifacts. Liquid-liquid extraction with toluene, which has been reported to result in clean extracts with limited extraction of phospholipids, suppression of acyl migration of 2-AG, and good recovery for ECs, was applied and combined with a simple single-step derivatization by silylation. The validation of sample collection and handling protocols revealed the susceptibility of AG plasma concentrations to food ingestion with a 3-fold increase 2 h postprandially and the release of AEA from blood cells even when whole blood was placed on ice for a limited time. Repeated freezing and thawing of plasma samples should be avoided as well as prolonged storage of samples due to a limited stability even at -80 ° C. These findings show that a preanalytical SOP is essential and results from retrospective analyses of AEA in blood samples collected under unknown conditions are misleading and scientifically not sound. Therefore, it appears also unlikely that AEA and 2-AG can be used as biomarkers in a clinical environment with less strictly controlled preanalytical parameters. The validation of the analytical method showed that EC analysis is feasible even with a single-quadrupole GC/ MS instrument, which is available in many research and service laboratories. Good extraction recovery by using toluene, excellent stability of extracts derivatized by silylation, and good assay performance regarding specificity, accuracy, precision, linearity, and sensitivity were found. In summary, we report here a simple, precise, and robust GC/MS method for the simultaneous quantitation of AEA and 2-AG in human plasma. However, limited preanalytical chemical and biological stability of the studied ECs have to be taken into account.
